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FRQGXFWHG ,Q RUGHU WR LQYHVWLJDWH WKH EHVW FRPELQDWLRQ RI TXDOLW\ DQG SURFHVV WLPH GLIIHUHQW RSWLFDO ILEUHVZHUH XVHGZLWK
GLDPHWHUVRIGI PDQGGI P7KHPDLQGLIIHUHQFHVEHWZHHQWKHWZRVHWXSVDUHWKHUHVXOWLQJIRFDOGLDPHWHUDQGWKH
PD[LPXPDYDLODEOHSXOVHHQHUJ\XSWR(3 P-,QDILUVWLQVWDQFHDFRPSDUDEOHLQYHVWLJDWLRQZDVSHUIRUPHGZLWKERWKILEUHV
IRU D FRQVWDQW SXOVH RYHUODS )RU HDFK ILEUH WKH PLQLPXP UHTXLUHG OLQH HQHUJ\ ZDV LQYHVWLJDWHG DQG FXWV ZHUH SHUIRUPHG







HVSHFLDOO\ LQ WKH PRELOLW\ LQGXVWU\ WKH QHHG RI HIILFLHQW FXWWLQJ WHFKQRORJLHV JURZV 1H[W WR WKH FRQYHQWLRQDO
WHFKQLTXHV VXFKDV VDZLQJDQGPLOOLQJZDWHU MHWFXWWLQJDQG ODVHUFXWWLQJZHUHDOVRH[SORUDWRU\ IRFXVHV LQ UHFHQW
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XQGHUVWDQGLQJ DQG WKH GHYHORSPHQW RI QHZ SURFHVV VWUDWHJLHV +RZHYHU ODVHU VRXUFHV DUH DOVR WKH VXEMHFW RI
FRQWLQXRXV LPSURYHPHQW DQG HQKDQFHPHQWV HQDEOLQJ IRU H[DPSOH KLJKHU DYHUDJH ODVHU SRZHUV RU KLJK SXOVH
HQHUJLHV
)LUVW PDQ\ &)53 FXWWLQJ LQYHVWLJDWLRQV ZHUH SHUIRUPHG ZLWK FXWWLQJ KHDGV DQG D FRQWRXU FXWWLQJ VWUDWHJ\




SXOVH HQHUJLHV DQG VKRUW SXOVH GXUDWLRQV SURGXFH WKH EHVW UHVXOWV 3DJDQR HW DO  5HDOL]LQJ D PXOWLSDVV
VWUDWHJ\ZLWKDFXWWLQJKHDGDQGDQD[LVV\VWHPLQYHVWLJDWLRQVRI1HJDUHVWDQLHWDOFDPHWRWKHFRQFOXVLRQ








YROXPH SHU SXOVH UHGXFHV VLPXOWDQHRXVO\/HRQH HW DO  IRFXVHG RQ WKH LQIOXHQFH RI VFDQQLQJ YHORFLW\ DQG
SXOVHSRZHUZKHUHWKHSXOVHSRZHULVGLUHFWO\OLQNHGWRWKHUHSHWLWLRQUDWH6XPPDUL]HGKHFDPHWRWKHFRQFOXVLRQ




IOXHQFHDWFRQVWDQW UHSHWLWLRQUDWHV LQFUHDVHV WKHUHVXOWLQJ+$=ZLGWKVLJQLILFDQWO\ZKLOH LQFUHDVLQJ WKHUHSHWLWLRQ
UDWHDWFRQVWDQWIOXHQFHDIIHFWVWKHRFFXUULQJ+$=ZLGWKWRDOHVVHUGHJUHH
)RU WKHSURFHVVLQJRIFRPSOH[VKDSHG WKUHHGLPHQVLRQDOSDUWV LW LVQHFHVVDU\ WRFRPELQH WKH ODVHUVRXUFHZLWK









W3 QVDWDZDYHOHQJWKRIȜ QPIRUUHSHWLWLRQ UDWHVEHWZHHQI N+]DQGI N+]7KH ODVHUVRXUFH
SURYLGHVDPD[LPXPDYHUDJHODVHUSRZHURI3/DYJ N:DQGDPD[LPXPDYDLODEOHSXOVHHQHUJ\RI(3 P-
$QRSWLFDOILEUHGLDPHWHURIGI PPILEUHLVUHTXLUHGLQRUGHUWRKDYHWKHSXOVHHQHUJ\RI(3 P-
DYDLODEOH ,I WKH ODVHU VRXUFH LVHTXLSSHGZLWKDQRSWLFDO ILEUHZLWKDGLDPHWHURIGI PPILEUH WKH
PD[LPXPDYDLODEOHSXOVHHQHUJ\UHGXFHVWR(3 P-7KHGLIIHUHQFHVLQWKHDYDLODEOHPD[LPXPODVHUSRZHUDQG
SXOVHHQHUJ\GHSHQGLQJRQWKHUHSHWLWLRQUDWHDUHVXPPDUL]HGLQ)LJ












DQDO\VHG 7KH SXOVH RYHUODS ZDV NHSW DW D FRQVWDQW YDOXH RI  E\ DGMXVWLQJ WKH VFDQQLQJ VSHHG YV LI QRW
RWKHUZLVHVSHFLILHG,QDGGLWLRQWKHPLQLPXPUHTXLUHGOLQHHQHUJ\(/QHFHVVDU\IRUDFRPSOHWHFXWZDVGHWHUPLQHG



























































 S. Bluemel et al. /  Physics Procedia  83 ( 2016 )  328 – 335 331
5HVXOWV
7KHDQDO\VLVRI WKHUHVXOWV LVGRQHLQ WZRVWHSV)LUVW WKHUHVXOWVRI WKHPILEUHDQGWKHPILEUHDUH
VXPPDUL]HG FRQFHUQLQJ WKH SDUDPHWHU LQIOXHQFH RQ WKH DYHUDJH +$= ZLGWK $IWHUZDUGV WKH HIILFLHQF\ RI WKH
LQYHVWLJDWHG SDUDPHWHU VHWV DQG RSWLFDO VHWXS LV GHVFULEHG 7KH GRWWHG OLQHV ZLWKLQ WKH GLDJUDPV DUH SRO\QRPLDO
FXUYHV ZKLFK DUH XVHG WR JXLGH WKH H\H DQG WR HQDEOH DQ HDVLHU XQGHUVWDQGLQJ RI WKH WUHQGV RI WKH GDWD SRLQWV
)XUWKHUPRUHWKHHUURUEDUVVKRZQZLWKLQWKHGLDJUDPVEDVHVRQWKHFDOFXODWHGVWDQGDUGGHYLDWLRQ
7KHPLQLPXPSXOVHHQHUJ\ LQYHVWLJDWHGIRU WKHPILEUH LV(3 P-ZKLFK LV WKHUHVXOWLQJHQHUJ\ZLWK
3/DYJ : DQG I N+] 7ULDOV ZLWK SXOVH HQHUJLHV ORZHU WKDQ (3 P- EXW KLJKHU UHSHWLWLRQ UDWHV DQG
DYHUDJHODVHUSRZHUHQDEOHQRFRPSOHWHFXWZLWKWKHLQYHVWLJDWHGOLQHHQHUJ\,QDILUVWLQVWDQFHWKHLQIOXHQFHRIWKH
SXOVHHQHUJ\RQWKHH[WHQWRIWKH+$=IRUGLIIHUHQWUHSHWLWLRQUDWHVZDVDQDO\VHG%DVHGRQWKHLQYHVWLJDWLRQLWFDQ
EH VWDWHG WKDW IRU D UHSHWLWLRQ UDWH RI I N+] DQ LQFUHDVLQJ +$= ZLGWK RFFXUV IRU LQFUHDVLQJ SXOVH HQHUJLHV
$OWKRXJKWKHDFKLHYHG+$=LVVPDOOHUWKDQIRUPRVWRIWKHRWKHUSDUDPHWHUVWKLVWUHQGLVRSSRVLWLRQDOWRDOORWKHU
REVHUYHG UHSHWLWLRQ UDWHV )RU UHSHWLWLRQ UDWHV EHWZHHQ I N+] DQG I N+] WKH +$= ZLGWK UHGXFHV IRU
LQFUHDVLQJ SXOVH HQHUJLHV )LJ  8VLQJ WKH PILEUH LW LV SRVVLEOH WR SHUIRUP FXWV ZLWK SXOVH HQHUJLHV RI





































































































PILEUH DQG $I PPð IRU WKH PILEUH ZKLFK LV D IDFWRU RI  'XH WR WKDW ELJ GLIIHUHQFH
FRPSDUDEOHIOXHQFHVFDQEHDFKLHYHGZLWKERWKILEUHVHWXSVGHVSLWHWKHORZHUSXOVHHQHUJ\IRUWKHVPDOOHUILEUH)RU
WKDWUHDVRQWKHSUHYLRXVUHVXOWVZHUHDQDO\VHGLQWHUPVRIWKHDFKLHYDEOHIOXHQFHDQGLWVLQIOXHQFHRQWKHUHVXOWV)LJ
GHSLFWV WKHDYDLODEOH UHSHWLWLRQUDWHVGHSHQGLQJRQ WKH IOXHQFHIRUERWK ILEUHGLDPHWHUV$GGLWLRQDOO\SDUDPHWHU
FRPELQDWLRQVUHVXOWLQJLQD+$=ZLGWKEPDUHPDUNHGLQDGLIIHUHQWFRORXU WKDQSDUDPHWHUFRPELQDWLRQV
ZLWK ELJJHU+$= ,W LV SRVVLEOH WR DFKLHYH FXWV ZLWK D WKUHVKROG+$=ZLGWK RI E P LQ DZLGH UDQJH RI
UHSHWLWLRQUDWHVIRUDIOXHQFHRYHU) -PPð)XUWKHUPRUHLWLVSRVVLEOHWRJREHORZWKHWKUHVKROG+$=ZLGWK







































7DEOH  VXPPDUL]HV VHOHFWHG SDUDPHWHUV IRU ERWK RSWLFDO VHWXSV 7KH SDUDPHWHUV ZHUH VHOHFWHG E\PD[LPXP
DFKLHYDEOH IOXHQFH RU DYHUDJH SRZHU IRU WKH VPDOOHVW DQG KLJKHVW UHSHWLWLRQ UDWH UHVSHFWLYHO\ ,W FDQ EH LQIHUUHG
EDVHGRQWKHSUHVHQWUHVXOWVWKDWIRUHTXDOIOXHQFHDQGIRFDOGLDPHWHUWKHDYHUDJHODVHUSRZHULVWKHPDLQIDFWRULQ
WKHDFKLHYDEOHHIIHFWLYHFXWWLQJVSHHGDVDQDOPRVWOLQHDUGHSHQGHQF\EHWZHHQDYHUDJHSRZHUDQGHIIHFWLYHFXWWLQJ
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UHSHWLWLRQ UDWH LV QRW DV GLVWLQFWLYH IRU KLJKHU SXOVH HQHUJ\ RU IOXHQFH UHVSHFWLYHO\ ,Q FRQWUDVW WR WKH GHVFULEHG
LQYHVWLJDWLRQV RI )UHLWDJ HW DO  GXULQJ WKLV VWXG\ZLWK FRQVWDQW SXOVH RYHUODS LQFUHDVLQJ WKH SXOVH HQHUJ\
EDUHO\LQIOXHQFHVWKH+$=ZLGWKRUHYHQUHGXFHVLWIRUKLJKHUUHSHWLWLRQUDWHV7KHUHVXOWVRIWKHSUHVHQWVWXG\ZLWK
WKHQDQRVHFRQGSXOVHGODVHUDOVRVKRZDQRSSRVLWHWUHQGWRWKHUHVXOWVDFKLHYHGZLWKDSLFRVHFRQGSXOVHGV\VWHPE\
)LQJHU HW DO :KLOHZLWK WKH SLFRVHFRQG SXOVHG ODVHU WKH+$=ZDV HQODUJHG E\ LQFUHDVLQJ WKH IOXHQFH DW
FRQVWDQWUHSHWLWLRQUDWHIRUWKHSUHVHQWLQYHVWLJDWLRQWKH+$=UHGXFHVLQVXFKDFDVHIRUUHSHWLWLRQUDWHVIN+]
)XUWKHUPRUHZLWKWKHVPDOOHUIRFDOGLDPHWHUDWFRPSDUDEOHIOXHQFHDFKLHYHGZLWKWKHPILEUHLWLVSRVVLEOH
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